The peptide-substrate binding domain of the C-P4Hs has recently been shown to be separate from the catalytic domain and to be located between residues 138 and 244 in the 517-residue human α(I) subunit (17) . Its sequence is distinct from those of other proline-richpeptide binding modules such as the SH3, WW, EVH1 and GYF domains (18) (19) (20) (21) , and from that of the profilins (22, 23) . Poly(L-proline) is an effective competitive inhibitor of the type I C-P4H but only a very weak inhibitor of the type II C-P4H, there also being smaller differences between the two isoenzymes in their binding properties with respect to peptide substrates (10, 11, 17) . The presence of a glutamate and glutamine in the peptide-substrate binding domain of the α(II) subunit in the positions corresponding to Ile 182 and Tyr 233 in the α(I) subunit was found to explain most of these differences (17) .
We report here on NMR data indicating that a recombinant human C-P4H α(I) subunit polypeptide Phe 144 -Ser 244 forms a folded domain consisting of five α helices and one short β strand, its secondary structure being distinct from those of other proline-rich peptide binding with an NdeI site and a translation start codon preceding the codon for Phe 144 and an XhoI site following the codon for Ser 244 , using Pfu polymerase (Promega). The template was pET15b-α(I)Gly 138 -Ser 244 (17) , in which the codon for Cys 150 (TGC) was converted to that for serine (TCC). The Cys150Ser mutagenesis was performed using a QuikChange site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene) phosphate buffer, pH 6.8, and fractions were analyzed by 16.5% Tris-tricine PAGE. Those containing the pure 13 kDa recombinant protein were pooled, and all experiments were performed with polypeptides containing their histidine tag. Poly(L-proline) binding of the recombinant domains was tested as described previously (17) . The 15 N-and 15 N/ 13 C-labeled proteins were expressed in the Bio-Express cell growth media U-15 N and U-13 C, 15 N (Cambridge Isotope Laboratories), respectively. Limited proteolysis of the purified recombinant α(I) domain was performed with trypsin and the N termini were sequenced as described (17) . The M r values of the trypsin resistant fragments were determined by MALDI-TOF mass spectrometer (Voyager DE-STR, Applied Biosystems).
Peptides -The peptides (Pro-Pro-Gly) 2 and (Gly-Pro-4Hyp) 5 were purchased from Innovagen, (Pro-Pro-Gly) 5 and (Pro-Pro-Gly) 10 from the Peptide Institute, and poly(Lproline) from Sigma.
Circular Dichroism Spectroscopy (CD) -CD spectra were recorded with a JASCO J-715 CD-spectropolarimeter, the sample cell temperature being controlled by JASCO PFD-350S.
Far-UV spectra were measured using a 1 mm path-length cell for the 185-240 nm region. The step size was 0.2 nm, scan speed 20 nm/min, response 1 s, band width 1 nm, and number of accumulations 4 per spectrum. Thermal denaturation of the peptide binding domain was followed by continuous monitoring of ellipticity changes at a fixed wavelength of 222 nm while the sample was heated at a constant rate of 30 °C/h and renaturation was followed by cooling at the same rate. The protein concentration in the samples was 0.1 mg/ml in 10 mM sodium phosphate buffer, pH 6.8, or in 10 mM sodium phosphate buffer and 100 mM urea.
NMR Spectroscopy -The samples used for the NMR measurements were prepared at concentrations of 0. 
where C pep is the total concentration of the (Pro-Pro-Gly) 2 Other Assays -P4H activity was assayed by a method based on the hydroxylation-coupled decarboxylation of 2-oxo[1-14 C]glutarate (34) , and K m values were determined as described previously (16) . give the best spectra and was therefore used for all the experiments reported here. It was purified to homogeneity based on its histidine tag. Limited proteolysis experiments of this purified domain with trypsin (17) demonstrated that it is protease resistant, except that a minor cleavage product was identified by SDS-PAGE. N-terminal sequencing showed that the major and minor bands had intact N termini. Mass spectrometry analysis indicated that the minor product corresponded to a polypeptide that had lost its C-terminal serine and the histidine tag (details not shown).
RESULTS

Optimization of the Recombinant α(I)
Polypeptide
CD Analysis of the α(I)
Peptide Binding Domain -Far-UV CD experiments sensitive to protein secondary structure were performed in order to study the fold and thermal stability of the recombinant α(I) polypeptide. The CD spectra showed a typical pattern of α-helical proteins, with negative minima at 208 and 222 nm and a positive maximum at 193 nm (Fig.   1A) . A thermal scan from 5 to 95°C demonstrated that the recombinant polypeptide displays a continuous, gradual decrease in helical content (Fig. 1B) , that is almost completely reversible (Figs. 1A and B) . The denaturation data indicate that the recombinant domain does not have a very compact tertiary structure and behaves more like proteins in a molten globule state. CD spectra were also recorded for a sample containing urea at the same concentration as used in NMR measurements, 100 mM. The shape of the far-UV curve remained unchanged, but a small increase in ellipticity was detected, indicating a slight increase in the compactness of the fold (Fig. 1C) (Fig. 3) , while the fifth is located in the C terminus of the domain, but its length could not be determined due to the missing assignments. Predictions based on the amino acid sequence (36) suggest, however, that this helix may begin at His 221 .
As the predicted locations and sizes of the other four α helices are in good agreement with the data obtained here, the N terminus of helix 5 is shown in Fig. 3 based on such predictions.
All these data are in good agreement with the measured dipolar couplings (data not shown). Table I ).
NMR Studies of Peptide Binding
SPR Studies of Peptide Binding -The interaction of the α(I) and the corresponding α(II)
peptide binding domains with synthetic peptides of different lengths was studied by real-time biomolecular interaction analysis using the BIAcore biosensor system, which detects changes in the refractive index at the surface of a sensor chip (37) . The peptides became bound to the immobilized domain on the chip with very high on and off rates, giving a square wave type of binding curve indicative of a low binding affinity (Fig. 6A) . Reliable determination of the association and dissociation kinetic rate constants (k on and k off ) was thus not possible.
Equilibrium dissociation constants (K d ) could nevertheless be determined for the peptides by plotting the steady state values for each peptide analyte concentration as a function of total analyte concentration (Fig. 6B , Table I ).
The K d of the α(I) peptide binding domain for the peptide (Pro-Pro-Gly) 2 (Table I ). The K d of the α(I) domain and K m of the type I enzyme for (ProPro-Gly) 10 were highly similar, 30 and 20 µM, respectively (Table I ). The SPR measurements further indicated that the K d of the α(I) domain for (Gly-Pro-4Hyp) 5 was more than one order of magnitude higher than that for (Pro-Pro-Gly) 5 (Table I ). The K d of 4 µM for poly(Lproline), M r 5000 was identical to the K i measured for the enzyme tetramer ( Table I ).
The K d of the α(II) peptide binding domain for the peptide (Pro-Pro-Gly) 2 was much higher than that of the α(I) domain, and was too high to be determined accurately ( Table I ).
The K d values of the α(II) domain for (Pro-Pro-Gly) 5 and (Pro-Pro-Gly) 10 were likewise much higher than those of the α(I) domain, these values being roughly similar to the K m values of the type II C-P4H tetramer for the same peptides (Table I ). The K d of the α(II)
domain for (Gly-Pro-4Hyp) 5 was again distinctly higher than that for (Pro-Pro-Gly) 5 (Table   I ). The K d of the α(II) domain for poly(L-proline), M r 5000, was much higher than that of the α(I) domain (Table I) .
ITC Studies of Peptide Binding -Peptide binding to the recombinant α(I) domain was
also investigated using isothermal titration calorimetry. Fig. 7 shows the result of an ITC experiment in which the α(I) peptide binding domain was titrated with the peptide (Pro-ProGly) 10 . The K d values obtained with this technique were in a relatively good agreement with those measured by SPR (Table II) . The changes in enthalpy observed upon binding of different peptides were negative indicating exothermic interaction, the change correlating with the increase in peptide length and affinity (Table II) .
DISCUSSION
The peptide-substrate binding domain studied here was initially identified as a fragment of the α(I) subunit that became bound to poly(L-proline) after limited proteolysis of the human type I C-P4H tetramer by proteinase K, thermolysin or trypsin (17) . Further experiments demonstrated that a recombinant polypeptide corresponding to the α(I) domain became effectively bound to poly(L-proline) agarose and could be eluted with (Pro-Pro-Gly) 10 (17) . This domain could not be identified simply by sequence criteria, but this region is followed by a region of about 20 residues with a particularly low degree of identity between the α(I) and α(II) subunits suggesting the presence of a variable inter-domain region between this domain and the subsequent domain (17) .
The including all three tyrosines, were found to be conserved or replaced with similar residues in the C-P4H isoenzymes I and II and C-P4Hs from various species (Fig. 8) .
Site-directed mutagenesis has demonstrated that most of the marked difference in ppm upon interaction with (Pro-Pro-Gly) 2 , while Tyr 233 showed a modest change of about 0.1 ppm. It therefore seems possible that these two residues may not be directly involved in the binding of (Pro-Pro-Gly) 2 , and the less effective binding to the α(II) domain may primarily be due to indirect inhibitory effects of the glutamate and glutamine residues. Nevertheless, it is also possible that (Pro-Pro-Gly) 2 (Fig. 8) , but all except two of them showed only very small chemical shift changes (less than 0.03 ppm) upon the binding of (Pro-Pro-Gly) 2 , the two exceptions being Phe 151 and Trp 169 , with changes of about 0.11 ppm in both cases (Fig. 5 ).
The and 219-232 could not be assigned due to spectral overlapping. The data were measured using 50-500 µM of the peptide binding domain and 10-20 -fold molar excesses of the different peptides at 25 °C and fitted using a nonlinear least squares algorithm. The values in brackets are the errors associated with each fitted parameter for a given experiment. 
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